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Abstract
The forward-backward (FB) charged particle multiplicity correlations between win-
dows separated in rapidity and azimuth are analyzed using a model that treats strings
as independent identical emitters. Both the short-range (SR) contribution, originat-
ing from the correlation between multiplicities produced from a single source, and the
long-range (LR) contribution, originating from the fluctuation in the number of sources,
are taken into account. The dependencies of the FB correlation coefficient, b, on the
windows’ rapidity and azimuthal acceptance and the gaps between these windows are
studied and compared with the preliminary data of ALICE. The analysis of these de-
pendencies effectively separates the contributions of two above mechanisms. It is also
demonstrated that traditional definitions of FB correlation coefficient b have a strong
nonlinear dependence on the acceptance of windows. Suitable alternative observables
for the future FB correlation studies are proposed. The connection between b and the
two-particle correlation function, C2, is traced, as well as its connection to the untrig-
gered di-hadron correlation analysis. Using a model independent analysis, it is shown
that measurement of the FB multiplicity correlations between two small windows sepa-
rated in rapidity and azimuth fully determine the two-particle correlation function C2,
even if the particle distribution in rapidity is not uniform.
Keywords: hadronic interactions, high energy, soft multiparticle production, multi-
plicity correlations
1 Introduction
In the past few decades, considerable attention has been devoted to the experimental [1]-[6]
and theoretical [7]-[17] exploration of “forward-backward” (FB) correlations in high-energy
pp and AA collisions. This refers to correlation between the multiplicities of charged particles
produced in forward, nF , and backward, nB, separated rapidity windows. One of the chal-
lenges in these investigations is the isolation of the “volume” contribution, which originates
from an event-by-event fluctuation in the number of emitting sources [7].
It has been previously suggested in [15] to use the event multiplicity in a third rapidity
window to solve this problem, but as discussed in [16], this complicates the interpretation
of results. In the present paper we argue that by studding the FB multiplicity correlation
between windows separated in both rapidity and azimuth, the volume contribution can be
isolated. Additional important quantitative physical information about the magnitude of this
event-by-event fluctuation that causes this contribution can also be obtained.
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We also show that the traditional definition of the FB correlation coefficient has a strong
dependence on the acceptance size of the windows, which causes the coefficient to go to zero
with the acceptance. Consequently, results obtained from windows of different widths cannot
be compared directly. In this paper, we propose suitable observables for FB correlation
studies, which have finite, nonzero limit as the window acceptances go to zero.
To check our observations we use the simple two stage model [9, 10, 18], inspired by a
string picture of hadronic interactions. This model suggests that during the initial stage of
the interaction, some number of strings are formed, which are then considered as identical,
independent emitters of charged particles. In our note [19] we considered only the long-range
(LR) part of the correlation, originating from the fluctuation in the number of sources (the
strings or as suggested in [7] the cut pomerons). In the present paper we also take into
account the short-range (SR) correlation between particles produced by a single string. This
SR correlation can arise from several distinct physical processes such as the formation and
decay of clusters, resonances, or minijets during the string fragmentation. We note that the
presence of such SR correlations, along with the influence on the FB multiplicity correlation,
inevitably turns a string into non-poissonian emitter.
We show that studying the FB multiplicity correlation between windows separated both
in rapidity and azimuth allows for the separation of the LR and SR contributions. We
also demonstrate using a model independent analysis that determining the FB multiplicity
correlation coefficient between two small windows separated in rapidity and azimuth also
determines the two-particle correlation function C2. This even holds if the particle distribution
in rapidity is not flat (as e.g. in the case of pA interactions) and the C2 does not only depend
on the differences of rapidities.
The paper is organized as follows. In Sec. 2 we discuss the different versions of the
definition of the FB correlation coefficient and generalize this definition for the case of windows
separated both in rapidity and azimuth. In Sec. 3 we outline the connection between FB
correlation coefficient and the two-particle correlation function C2.
In Sec. 4 we formulate a two stage model with strings as independent identical sources,
introduce the pair correlation function of a single string, and calculate the FB correlation
coefficient. This includes describing the LR and SR contributions in the framework of this
model. In Sec. 5 we parameterize the pair correlation function of a single source in accordance
with the string decay picture. We then fit the parameters using the data on the FB correlation
strength between multiplicities in small azimuth and rapidity windows.
In Sec. 6 we use the resulting model to calculate the values of the FB correlation coefficient
for large rapidity windows of different width and separation and compare the results with the
preliminary experimental data from ALICE [26]. In Sec. 7 we introduce suitable alternative
observables for future FB multiplicity correlation studies.
In Appendix A we describe the calculation of integrals over rapidity and azimuth windows.
In Appendix B we present an alternative derivation of the basic formulae (64) and (70) and
check that the resulting expression for the FB correlation coefficient is consistent with the
expression for the LR correlation coefficient obtained earlier in [19] in the large rapidity
separation limit. Finally, in Appendix C we discuss the correspondence between the FB
multiplicity correlations in windows separated in azimuth and rapidity and the “untriggered
di-hadron” correlations.
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2 Definition of the FB Correlation Coefficient
The FB correlation coefficient is traditionally [1, 2, 4, 5] defined as the coefficient, b, used in
linear regression:
〈nB〉n
F
= a+ b nF . (1)
In this case
b =
〈nFnB〉 − 〈nF 〉〈nB〉
Dn
F
, (2)
where Dn
F
is the variance of the multiplicity in the forward window:
Dn
F
= 〈n2F 〉 − 〈nF 〉2 . (3)
Clearly, this value of such a coefficient would depend on the acceptances of the forward
and/or backward windows. To avoid this trivial influence one can shift from nF and nB to
the relative or scaled observables [20] νF = nF/〈nF 〉 and νB = nB/〈nB〉. In these observables
〈νB〉ν
F
= arel + brel νF and
brel =
〈νFνB〉 − 1
〈ν2F 〉 − 1
=
〈nF 〉
〈nB〉
b , (4)
The following symmetrized form of (2) is also used [3, 6]
bsym =
〈nFnB〉 − 〈nF 〉〈nB〉√
Dn
F
Dn
B
, (5)
where it can be proven that |bsym| ≤ 1. Note that for symmetric window where 〈nF 〉 = 〈nB〉
and Dn
F
= Dn
B
, all these definitions converge to the same result:
brel = bsym = b . (6)
In present paper we study the multiplicity correlations between nF and nB in windows
separated both in rapidity and in azimuth. We denote the width of the forward and backward
windows in rapidity and in azimuth using δηF , δφF , and δηB, δφB, respectively. Likewise, we
denote the positions of the centers of these window using ηF , φF and ηB, φB, respectively. We
will also introduce the following short notation for the acceptance of forward and backward
windows:
δF ≡ δηF δφF/2pi , δB ≡ δηBδφB/2pi . (7)
Finally, we denote the distances between the centers of these windows as follows:
ηFB ≡ ηF − ηB , φFB ≡ φF − φB (8)
These variables are trivially related to the rapidity gap, ηgap, and azimuthal gap, φgap,
between the two windows:
ηFB =
δηF
2
+ ηgap +
δηB
2
, φFB =
δφF
2
+ φgap +
δφB
2
, (9)
For symmetric windows, where δηF = δηB = δη and δφF = δφB = δφ, this simplifies further:
ηFB = ηgap + δη , φFB = φgap + δφ . (10)
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3 Connection with Two-Particle Correlation Function
One can express the FB correlation coefficient through the two-particle correlation function
C2(η1, η2;φ1, φ2). First, we introduce the one, ρ1(η, φ), and two-particle, ρ2(η1, φ1; η2, φ2),
charge particle densities:
ρ1(η, φ) =
d2N
dη dφ
, ρ2(η1, φ1; η2, φ2) =
d4N
dη1 dφ1 dη2 dφ2
. (11)
By integrating (11) over the forward acceptance interval, η∈δηF , φ∈δφF , we obtain [21]:∫
δη
F
δφ
F
dηdφρ1(η, φ) = 〈nF 〉 , (12)
∫
δη
F
δφ
F
dη1dφ1
∫
δη
F
δφ
F
dη2dφ2 ρ2(η1, φ1; η2, φ2) = 〈nF (nF − 1)〉 .
When we integrate over the forward, η1∈δηF , φ1∈δφF , and the backward, η2∈δηB, φ2∈δφB,
acceptance intervals, we have∫
δη
F
δφ
F
dη1dφ1
∫
δη
B
δφ
B
dη2dφ2 ρ2(η1, φ1; η2, φ2) = 〈nFnB〉 . (13)
Here, 〈nF 〉 is the average multiplicity produced in the acceptance δηF δφF .
For windows of sufficiently small rapidity and azimuthal acceptance, (12) and (13) imply:
ρ
1
(ηF , φF ) =
〈nF 〉
δηF δφF
, ρ
2
(ηF , φF ; ηB, φB) =
〈nFnB〉
δηF δφF δηBδφB
, (14)
ρ2(ηF , φF ; ηF , φF ) =
〈nF (nF − 1)〉
(δηF δφF )
2
. (15)
These formulae allow for the experimental measurement of ρ1(η, φ) and
ρ2(η1, φ1; η2, φ2), and hence the two-particle correlation function C2. We introduce this func-
tion in the standard way:
C2(η1, η2;φ1, φ2) =
ρ2(η1, η2;φ1, φ2)
ρ1(η1, φ1)ρ1(η1, φ2)
− 1 . (16)
Substituting (14) into (16), we obtain that for windows of small rapidity and azimuthal
acceptance:
C2(ηF , φF ; ηB, φB) =
〈nFnB〉 − 〈nF 〉〈nB〉
〈nF 〉〈nB〉
=
〈
nF
〈nF 〉
nB
〈nB〉
〉
− 1 . (17)
It is important to note that by (17), the measurement of multiplicity correlation between
two sufficiently small window determines the two-particle correlation function C2 in accor-
dance with the standard definition in (16). This also holds in the absence of the translational
invariance in rapidity. It does not necessitate an event mixing procedure, which is usually
applied in the di-hadron correlation analysis, as discussed in Appendix C.
Note that if we change nF and nB to denote the multiplicities of particles with transverse
momenta in intervals δpTF and δpTB, respectively, then (17) can be used to measure the
two-particle correlation function C2 between particles belonging to these intervals. This is
analogous to what is done in the triggered di-hadron correlation approach. In principle, this
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enables using the small δp
TF and δpTB intervals to measure the whole two-particle correlation
function C2(pF ,pB), where the 3-momenta pF and pB are the centers of the δηF δφF δpTF
and δηB δφB δpTB intervals.
The following simplifications can be made due to azimuth rotation invariance:
ρ1(η, φ) = ρ1(η)/2pi , ρ2(η1, φ1; η2, φ2) = ρ2(η1, η2;φ1 − φ2)/(2pi)2 (18)
C2(η1, η2;φ1 − φ2) = ρ2(η1, η2;φ1 − φ2)
ρ1(η1)ρ1(η2)
− 1 . (19)
For windows of arbitrary widths, (12) and (13) imply:
〈nFnB〉 − 〈nF 〉〈nB〉 = 〈nF 〉〈nB〉IFB , (20)
Dn
F
= 〈nF 〉+ 〈nF 〉2IFF , (21)
where
〈nF 〉 =
δφF
2pi
∫
δη
F
dη ρ1(η) , (22)
IFB =
1
(2pi)2〈nF 〉〈nB〉
∫
δη
F
δφ
F
dη1dφ1
∫
δη
B
δφ
B
dη2dφ2 ρ1(η1)ρ1(η2)C2(η1, η2;φ1 − φ2), (23)
IFF =
1
(2pi)2〈nF 〉2
∫
δη
F
δφ
F
dη1dφ1
∫
δη
F
δφ
F
dη2dφ2 ρ1(η1)ρ1(η2)C2(η1, η2;φ1 − φ2). (24)
This gives the following expression for the correlation coefficient:
brel =
〈nF 〉
〈nB〉
b =
〈nF 〉IFB
1 + 〈nF 〉IFF
. (25)
Note that in the absence of correlation, i.e. when C2 = 0, IFB = IFF = 0 by definition which
means that Dn
F
= 〈nF 〉 by (21). For further simplifications of the integrals (23) and (24), see
Appendix A.
In the appendix we show that for the case of FB windows are only separated in rapidity,
i.e. when δφF = δφB = 2pi, (94) gives:
〈nF 〉 =
∫
δη
F
dη ρ1(η) , (26)
IFB =
1
〈nF 〉〈nB〉
∫
δη
B
dη1
∫
δη
F
dη2 ρ1(η1)ρ1(η2)C2(η1, η2) , (27)
IFF =
1
〈nF 〉2
∫
δη
F
dη1
∫
δη
F
dη2 ρ1(η1)ρ1(η2)C2(η1, η2) , (28)
where
C2(η1, η2) =
1
pi
∫ pi
0
dφC2(η1, η2;φ) . (29)
For sufficiently small windows in rapidity and azimuth, in which C2(η1, η2;φ1 − φ2) and
ρ1(η) can be treated as constant, we have:
〈nF 〉 = ρ1(ηF )δF , 〈nB〉 = ρ1(ηB)δB , (30)
IFB = C2(ηF , ηB;φFB) , (31)
IFF = C2(ηF , ηF ; 0) , (32)
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Dn
F
= 〈nF 〉[1 + 〈nF 〉C2(ηF , ηF ; 0)] , (33)
brel =
〈nF 〉
〈nB〉
b =
〈nF 〉C2(ηF , ηB;φFB)
1 + 〈nF 〉C2(ηF , ηF ; 0)
. (34)
Recalling our short notations (7) and (8), we see that the correlation coefficient (4), even
defined in scaled variables, still depends through 〈nF 〉 on the acceptance δF of the forward
window. This was observed earlier [18, 19] in the framework of a simple model.
When both of the sufficiently small FB windows are situated in the central region, the
translational invariance in rapidity holds:
ρ1(η) = ρ0 , ρ2(η1, η2;φ) = ρ2(η1 − η2;φ) , C2(η1, η2;φ) = C2(η1 − η2;φ). (35)
The formulae (30)–(34) can then be further simplified:
〈nF 〉 = ρ0δF , 〈nB〉 = ρ0δB , (36)
Dn
F
= 〈nF 〉[1 + δFρ0C2(0, 0)] , (37)
brel =
δF
δB
b =
δFρ0C2(ηFB, φFB)
1 + δFρ0C2(0, 0)
. (38)
Assuming (35) and (36), the FB correlation between large windows situated in the central
rapidity region can be fully described using the formulae (21) and (25), with the following
relevant expressions for IFB and IFF :
IFB = (δηF δφF δηBδφB)
−1
∫
δη
F
δφ
F
dη1dφ1
∫
δη
B
δφ
B
dη2dφ2C2(η1 − η2;φ1 − φ2) , (39)
IFF = (δηF δφF )
−2
∫
δη
F
δφ
F
dη1dφ1
∫
δη
F
δφ
F
dη2dφ2C2(η1 − η2;φ1 − φ2) (40)
For further simplification of these integrals, see Appendix A.
4 The Model
In this section, we calculate the FB correlations between windows separated in rapidity and
azimuth using the simple two stage model [9, 10, 18]. This model inspired by the string picture
of hadronic interactions. In this model we suggest that at the initial stage of interaction, N
strings are formed. This value fluctuates event-by-event resulting in the scaled variance:
ωN = DN/〈N〉 = (〈N2〉 − 〈N〉2)/〈N〉 . (41)
Note that this fluctuation is non-poisson in both pp and AA collisions [24], hence ωN 6=
1. Furthermore, its value depends on the collision energy. After the initial stage of the
interaction, one considers these strings as identical independent sources of observed charge
particles.
Along with the long-range (LR) part of the correlation [7, 10, 19], originating the fluc-
tuation in N , this section also takes into account the short-range (SR) part. The SR part
originates from the correlation between particles produced by a single string.
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4.1 Pair Correlation Function of a Single String
To characterize the correlation of particles produced from a string, we proceed in analogy to
the consideration in the Sec. 3. We start by introducing the two-particle correlation function
for charged particles produced from the decay of a single string:
Λ(η1, η2;φ1−φ2) = λ2(η1, η2;φ1−φ2)
λ1(η1)λ1(η2)
− 1 . (42)
In the above equation, λ1(η) and λ2(η1, η2;φ1−φ2) respectively denote the one and two-particle
densities of charge particles produced from one string. We assume that the particle emission
from a string is isotropic in the azimuthal angle, φ.
Similarly to (12) and (13) we note that
∫
δη
F
δφ
F
dηdφλ1(η, φ) = 〈µF 〉 , (43)
∫
δη
F
δφ
F
dη1dφ1
∫
δη
F
δφ
F
dη2dφ2 λ2(η1, η2;φ1−φ2) = 〈µF (µF − 1)〉 ,
∫
δη
F
δφ
F
dη1dφ1
∫
δη
B
δφ
B
dη2dφ2 λ2(η1, η2;φ1−φ2) = 〈µBµF 〉 , (44)
where 〈µF 〉 is the average multiplicity produced by one string in the forward window, δηF δφF ,
and 〈µB〉 is the corresponding variable in the backward window, δηBδφB.
Using (42)–(44), we can write:
〈µBµF 〉 − 〈µB〉〈µF 〉 = 〈µB〉〈µF 〉JFB , (45)
Dµ
F
= 〈µF 〉+ 〈µF 〉2JFF , (46)
where
〈µF 〉 =
δφF
2pi
∫
δη
F
dη λ1(η) , (47)
JFB =
1
(2pi)2〈µF 〉〈µB〉
∫
δη
F
δφ
F
dη1dφ1
∫
δη
B
δφ
B
dη2dφ2 λ1(η1)λ1(η2)Λ(η1, η2;φ1 − φ2), (48)
JFF =
1
(2pi)2〈µF 〉2
∫
δη
F
δφ
F
dη1dφ1
∫
δη
F
δφ
F
dη2dφ2 λ1(η1)λ1(η2)Λ(η1, η2;φ1 − φ2). (49)
We note that (46) implies that presence of SR correlation turns the string into non-poissonian
emitter.
For sufficiently small windows, in which we can consider Λ(η1, η2;φ1−φ2) and λ1(η) to be
constant, we find:
〈µF 〉 = λ1(ηF )δF , 〈µB〉 = λ1(ηB)δB , (50)
JFB = Λ(ηF , ηB;φFB) , (51)
JFF = Λ(ηF , ηF ; 0) , (52)
where we have used our notations for δF and δB as in (8) for the window acceptances.
If both of the small windows are situated in the central rapidity region, where each string
contributes to the particle production in the selected rapidity range, then the translational
invariance in rapidity implies:
λ1(η) = µ0 , Λ(η1, η2;φ) = Λ(η1 − η2;φ) (53)
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and the formulae (50)–(52) take the form
〈µF 〉 = µ0δF , 〈µB〉 = µ0δB , (54)
JFB = Λ(ηFB, φFB) , (55)
JFF = Λ(0, 0) . (56)
Recall that ηFB and φFB are the distances between the centers of forward and backward
windows in rapidity and azimuth, as denoted in (8).
Assuming (54), large windows situated in the central rapidity region can also be fully
described using the formulae (45) and (46), noting the following relevant expressions for JFB
and JFF :
JFB = (δηF δφF δηBδφB)
−1
∫
δη
F
δφ
F
dη1dφ1
∫
δη
B
δφ
B
dη2dφ2Λ(η1 − η2, φ1 − φ2) , (57)
JFF = (δηF δφF )
−2
∫
δη
F
δφ
F
dη1dφ1
∫
δη
F
δφ
F
dη2dφ2Λ(η1 − η2, φ1 − φ2) . (58)
See Appendix A for further simplification of these integrals.
4.2 Resulting Correlation Strength
In considered model with strings as independent identical sources (SM) one can write for N
sources [21]:
ρN
1
(η) = Nλ1(η) , (59)
ρN
2
(η1, η2;φ) = Nλ2(η1, η2;φ) +N(N − 1)λ1(η1)λ1(η2) . (60)
The relevant charged particle densities in (11) are then given by
ρ1(η) = 〈ρN1 (η)〉 = 〈N〉λ1(η1) , (61)
ρ2(η1, η2;φ) = 〈ρN2 (η1, η2;φ)〉 =
= 〈N〉[λ2(η1, η2;φ)− λ1(η1)λ1(η2)] + 〈N2〉λ1(η1)λ1(η2) . (62)
This leads to the following connection between correlators:
ρ
2
(η1, η2;φ)− ρ1(η1)ρ1(η2) =
= 〈N〉[(λ2(η1, η2;φ)− λ1(η1)λ1(η2)] +DNλ1(η1)λ1(η2) , (63)
where DN is the event-by-event variance in the number of sources, (41). This results in the
following expression for the two-particle correlation function C2(ηF , ηB;φFB) (19):
C2(η1, η2;φ) =
ωN + Λ(η1, η2;φ)
〈N〉 , (64)
where ωN is the scaled variance of the number of sources, (41), and Λ(ηF , ηB;φFB) is the pair
correlation function of a single string, (42).
We note that constant term in (64) is physically important. Its magnitude, ωN/〈N〉 =
DN/〈N〉2, corresponds to the magnitude of the fluctuation of the number of sources [7]. The
last depends on the initial energy and the fixation of collision centrality.
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For sufficiently small windows in both rapidity and azimuth, the expression for C2 in (64)
can be used in (34) to recover the expression for the FB correlation coefficient (4):
brel =
〈nF 〉
〈nB〉
b =
〈nF 〉[ωN + Λ(ηF , ηB;φFB)]/〈N〉
1 + 〈nF 〉[ωN + Λ(ηF , ηF ; 0)]/〈N〉
. (65)
If these small FB windows are situated in the central rapidity region, where translational
invariance in rapidity holds, then Λ(ηF , ηB;φFB) will only depend on the difference of rapidi-
ties, ηFB = ηF − ηB. Hence, (65) can be simplified to the following form:
brel =
δF
δB
b =
δFµ0[ωN + Λ(ηFB, φFB)]
1 + δFµ0[ωN + Λ(0, 0)]
(66)
where µ
0
is the average rapidity density of charged particles produced by one string. See
Appendix B for an alternative derivation of (64) for this case.
The resulting FB correlation coefficient in (66) can be described as the sum of two terms,
brel = b
LR
rel + b
SR
rel , where:
bLRrel =
δFµ0ωN
1 + δFµ0[ωN + Λ(0, 0)]
, (67)
and
bSRrel =
δFµ0
1 + δFµ0[ωN + Λ(0, 0)]
Λ(ηFB, φFB) . (68)
The first term is dependent on the acceptance δF of the forward window, but independent of
the distances in rapidity, ηFB, and azimuth, φFB, between the forward and backward windows.
This is why this term is refereed to as the long range (LR) contribution. This contribution
manifests as a constant pedestal in the plot of the FB correlation coefficient b against ηFB
and φFB, Figs. 1 and 2 below. The height of this pedestal is determined by the event-by-
event fluctuation of the number of the strings (sources) N and can be used to evaluate of the
extent of this fluctuation. Note that at any fixed number of sources there will be no such
contribution, as ωN ≡ DN/〈N〉 = 0.
The second term is proportional to the pair correlation function Λ(ηFB, φFB) of a single
string, which is scaled by a common factor that depends on the acceptance δF of the forward
window (7). This contribution gives structure to the FB correlation coefficient b above the
constant term when plotted against ηFB and φFB. Hence, it is referred to as the short range
(SR) contribution.
We would like to emphasize that if the pair correlation function of a single string is equal
to zero, Λ(ηFB, φFB) = 0, such that there are no SR correlations, b
SR
Λ=0 = 0, we still have
nonzero FB correlations due to the LR contribution:
bΛ=0rel = b
LR
Λ=0
=
δFµ0ωN
1 + δFµ0ωN
, (69)
which originates from the event-by-event fluctuation in the number of strings, N . We also
note that for Λ = 0, (46) and (49) imply that the multiplicity distribution from a string
becomes poissonian, Dµ
F
= 〈µF 〉, and the expression for the correlation coefficient in (69)
agrees with the results obtained in [10, 18, 19] for this case.
For windows of an arbitrary width in rapidity and azimuth in which one cannot take
Λ(η1, η2;φ) to be constant, equations (20)–(25) and (64) can be used to rewrite (65) as:
brel =
〈nF 〉
〈nB〉
b =
〈µF 〉[ωN + JFB]
1 + 〈µF 〉[ωN + JFF ]
, (70)
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where 〈µF 〉 is the mean multiplicity produced in the forward window by a single string as in
(47), and the integrals JFB and JFF are given by (48) and (49). If both of these windows are
in the central rapidity region where translational invariance holds, integrals JFB and JFF can
be simplified to (57) and (58).
For the noteworthy case of symmetric FB windows (δηF = δηF = δη), separated only in
rapidity, i.e. with full azimuthal acceptance δφF = δφB = 2pi, the expressions for JFB and
JFF in (57) and (58) can be reexpressed:
JFB =
1
δη2
∫ δη
−δη
dηΛ(η + ηFB) tδη(η) , (71)
JFF =
2
δη2
∫ δη
0
dηΛ(η)(δη − η) = 2
δη
∫ δη
0
Λ(η) dη − 2
δη2
∫ δη
0
Λ(η) η dη , (72)
where
Λ(η) =
1
pi
∫ pi
0
dφΛ(η, φ) (73)
and tδη(η) is the ”triangular” weight function, (91). This weight arises at the integration of
(57) and (58) over (η1+η2)/2 and reflects the corresponding phase space. See Appendix A for
more details.
5 Rapidity-Azimuth Dependence of the FB Multiplic-
ity Correlation
In this section, we are fixing the model parameters using the data on the dependence of the
FB correlation coefficient on the rapidity and azimuthal distances, ηFB and φFB, between the
centers of two small FB windows.
5.1 Parametrization of the Pair Correlation Function of a Single
String
As shown in Sec. 4, the pair correlation function of string Λ(η, φ) is needed to calculate the
short-range contribution to the FB multiplicity correlation strength.
In accordance with the standard picture of string decay we use the following parametri-
zation for the pair correlation function Λ(η, φ) of a single string:
Λ(η, φ) = Λ1e
−
|η|
η1 e
−
φ2
φ2
1 + Λ2
(
e
−
|η−η0|
η2 + e
−
|η+η0|
η2
)
e
−
(|φ|−pi)2
φ2
2 . (74)
The first term in the formula corresponds to the near-side correlation peak at φ = 0, which
originates from the hadronization of a given string segment. The widths of this peak in
azimuth and rapidity are characterized by the parameters η1 and φ1, while its amplitude is
characterized by Λ1. The second term in the formula corresponds to the away-side ridge-like
structure at φ = pi. This manifests as the overlap of two lower, wider symmetric humps which
are parameterized using Λ2, η2 and φ2. These humps are shifted ±η0 in rapidity relative to
the near-side peak position. They originate from the hadronization of two string segments on
either side of the given string segment, so the η0 parameterizes the mean rapidity length of a
string decay segment. In the parametrization (74), we imply that:
|φ| ≤ pi . (75)
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Figure 1: The forward-backward (FB) correlation coefficient, (2), in pp collisions at 0.9
TeV for small, symmetric windows with δηF = δηB = δη = 0.2 rapidity acceptance and
δφF = δφB = δφ = pi/4 azimuthal acceptance. These values are calculated by accounting for
both the long-range (LR), (67), and short-range (SR), (68), contributions, as described in (70),
(95) and (96). Its value is plotted as a function of distance between the centers of windows
in rapidity ηFB = ηsep, and compared at various distances between the centers of windows in
azimuth, φFB = φsep. The left panel compares φsep = 0
◦, 90◦, 180◦ azimuthal separations,
while the right panel compares φsep = 0
◦, 45◦, 135◦ . The corresponding experimental data
points are taken from [25].
For |φ| > pi we must periodically extend Λ(η, φ) to φ → φ + 2pik. With such completion the
Λ(η, φ) meets the following requirements:
Λ(−η, φ) = Λ(η, φ) , Λ(η,−φ) = Λ(η, φ) , Λ(η, φ+ 2pik) = Λ(η, φ) . (76)
5.2 Fitting the Model Parameters
Once the single string pair correlation function Λ(η, φ) is parameterized, as in (74), one can
calculate the FB multiplicity correlation coefficient for windows of an arbitrary width in
rapidity and azimuth using (70). In this formula the integrals JFB and JFF are given by the
equations (57) and (58), applicable in the mid-rapidity region. See the technical details of
the calculation, as well as the resulting formula, (106), in the Appendix A.
To fit the model parameters we first calculated the FB multiplicity correlation strength
in the simplest case using windows that are small both in rapidity and azimuth acceptance.
Then the experimental data for the correlation strength between two small windows situated
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Figure 2: The same plots as in Fig. 1 for pp collisions at 7 TeV.
at varying rapidity ηFB and azimuth φFB separation was used to determine all parameters in
both the SR (68) and the LR (67) contributions. In this we have only used the FB correlation
coefficient bcorr defined with symmetrical FB windows. As we have seen above, (6), this
implies that bcorr ≡ brel = b.
We fit the parameters of the single string pair correlation function Λ(η, φ), (74), and the
scaled variance parameter ωN , (41), to the data presented in [25]. This experimental data
measures the FB correlation coefficient, bcorr, for charged particles with transverse momenta
0.3<pT <1.5 GeV/c, obtained for symmetric windows of δηF = δηF = δη = 0.2 rapidity
acceptance and δφF = δφF = δφ = pi/4 azimuthal acceptance.
The results of the fit for pp collisions at 0.9 TeV and 7 TeV are presented in Figs. 1 and
2 respectively. The obtained values of the model parameters used at fitting are presented in
the first and the last column in Table 1. The data at 2.76 TeV were not analysed in [25] with
windows, that are small both in rapidity and azimuth acceptance. So, as a rough estimate
for model parameters at this energy, we have used the averaged values of the ones at 0.9 TeV
and 7 TeV.
Note that in the resulting formula, (106), the parameters µ0, ωN ,Λ1 and Λ2 appear only
via the products µ0ωN , µ0Λ1 and µ0Λ2. Hence, values for these products were fitted instead
of the parameters themselves. Recall, that µ
0
is the average rapidity density of the charged
particles produced by one string, (53), and ωN is the event-by-event scaled variance of the
number of strings, (41).
Fig. 1 and Fig. 2 show the general behavior of the correlation coefficient bcorr for sufficiently
small FB windows by using Λ(η, φ), (74), as predicted in the string fragmentation. These plots
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√
s, TeV 0.9 2.76 7.0
LRC µ0ωN 0.7 1.4 2.1
µ0Λ1 1.5 1.9 2.3
η1 0.75 0.75 0.75
φ1 1.2 1.15 1.1
SRC µ0Λ2 0.4 0.4 0.4
η2 2.0 2.0 2.0
φ2 1.7 1.7 1.7
η0 0.9 0.9 0.9
Table 1: The parameters of the model used at the comparison with the experimental data
[25, 26], see formulae (41), (70) and (74).
show a large, narrow, near-side peak at ηFB = 0, φFB = 0, as well as the shorter, wider away-
side hump at φFB = pi. These peaks are elevated by the constant term corresponding to the
LR correlation, (67), which originates from the event-by-event fluctuation in the number of
emitting sources.
In Table 1 we see that as the energy increases from 0.9 TeV to 7 TeV, the value of
µ0ωN triples, while the parameters that characterize the single string pair correlation function
Λ(η, φ), (74), do not change considerably. With the increase of energy, the near-side peak
becomes a little bit narrower and higher, while the shape of the away-side ridge-like structure
parameters remaining the same.
6 Comparison with the Experimental Data
In previous section we have fixed all model parameters by the data on the FB correlation
coefficient with small acceptance windows, see the Table 1. So now, basing on the formulae
(57), (58) and (70), we can calculate the values of the FB correlation coefficient bcorr for large
acceptance windows, within which Λ(η, φ) cannot be treated as constant. Note, no additional
free parameters are introduced in this process.
In this section we calculate the values of the FB correlation coefficient bcorr for symmetric
windows separated only in rapidity, i.e. with the full 2pi azimuthal acceptance. This case is
commonly used in experiment. We study the dependence of bcorr on the windows’ acceptance
widths and on the rapidity separation size. Note that for this case bcorr is given by (70), in
which JFB and JFF are given by (71)–(73). For details see Appendix A, namely formulae
(100)–(106).
The results for pp collisions at 0.9, 2.76 and 7 TeV with FB window widths ranging from
0.2 to 0.8 rapidity units are presented in Figs. 3-5. Fig. 3 shows the results as a function of
the rapidity gap between windows, ηgap ≡ ηFB−δη, as defined in (10). Figs. 4 and 5 show the
results as a function of window width, δηF = δηF = δη, at zero rapidity separation, ηgap = 0.
These calculated results are plotted against the preliminary experimental measurements for
the bcorr for charged particles with transverse momenta 0.3<pT<1.5 GeV/c in ALICE [26].
Figs. 3-5 show a good agreement between the values calculated by the string model (SM)
with strings treated as independent identical emitters, (70)-(73), and the experimental data
for FB correlations in large, 2pi-azimuthal windows [26]. Note that the agreement was achieved
without using any additional adjusting parameters; all model parameters were fixed by the
experimental data for small windows separated in azimuth and rapidity [25], as discussed in
13
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Figure 3: The forward-backward (FB) correlation coefficient, (2), in pp collisions at 0.9 TeV
and 7 TeV for symmetric windows with δηF = δηB = δη = 0.2, 0.4, 0.6 and 0.8 rapidity
acceptance and full 2pi-azimuthal acceptance. Its value is plotted as a function of rapidity
gap between windows, ηgap ≡ ηFB−δη, (10). The curves are the results of calculations by the
model that treats strings as independent identical emitters (SM), according to the formulae
(57), (58) and (70). The values of the parameters are shown in Table 1. The corresponding
experimental data are taken from the preliminary results of ALICE [26].
Sec. 5.2 and shown in Table 1.
Fig. 4 shows that the relative contribution of the long-range correlation (LRC), (67), is
considerably larger at 7 TeV when compared to 0.9 TeV. This increase reflects the significant
growth of the event-by-event fluctuations of the number of particle emitting sources, i.e.
strings, with energy. This fluctuation is quantified by the scaled variance parameter ωN , (41),
in Table 1. At the same time, the contribution of the short-range correlation (SRC), as in
(68), which characterizes the properties of a single source, remains practically the same across
both energy scales.
7 Alternative Observables
In this section we would like to discuss the introduction of more suitable observables for the
future FB correlation studies.
Equations (30)–(34) show that if the acceptance of small symmetric FB windows goes
to zero, δF = δB → 0, then all traditional FB correlation coefficients b , brel, and bsym,
as defined in formulae (2), (4), and (5), also vanish. This unpleasant dependence of the
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Figure 4: The same results as in Fig. 3, now as a function of windows width, δηF = δηB = δη,
at zero gap between the windows, ηgap = 0. Additionally, the relative contributions of the
long-range (LRC), (67), and short-range correlations (SRC), (68), resulting from the model
that treats strings as independent identical emitters (SM), (70), are shown.
correlation coefficient on the window width is a consequence of using the variance Dn
F
, in
the definition of b, as in (2). Explicitly, it was demonstrated in (20) and (30)–(33), that
〈nFnB〉− 〈nF 〉〈nB〉 ∼ δF δB and DnF ∼ δF , which is a model-independent consequence of this
limit. We can eliminate this drawback if we redefine b in (2) by normalizing the correlator,
〈nFnB〉 − 〈nF 〉〈nB〉, by the product 〈nF 〉〈nB〉 instead of DnF . Hence, we can introduce the
observable
βmod ≡
〈nFnB〉 − 〈nF 〉〈nB〉
〈nF 〉〈nB〉
=
〈
nF
〈nF 〉
nB
〈nB〉
〉
− 1 . (77)
For sufficiently small windows in both rapidity and azimuth, (20) and (31) can be used to
write:
βmod = C2(ηF , ηB;φFB) . (78)
For windows with small rapidity acceptance, yet large azimuthal acceptance, δφF = δφB = 2pi,
we have:
βmod = C2(ηF , ηB) =
1
pi
∫ pi
0
dφC2(ηF , ηB;φ) , (79)
where we used (26)–(29).
So, as the window acceptance goes to zero, δF = δB → 0, the new observable βmod, (77),
results in a finite, nonzero two-particle correlation function. This is in clear contrast with the
properties of b, brel and bsym.
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Figure 5: The FB correlation coefficient results as in Fig. 4, now the results of the 0.9, 2.76
and 7 TeV calculations and data are on the same plot for comparison. Note both the long-
range and short-range contributions are taken into account here. As before, the corresponding
experimental data are taken from the preliminary results of ALICE [26].
We should note that the traditionally defined, (2), correlation coefficient b is also propor-
tional to the two-particle correlation function C2(ηF , ηB;φFB), as in (34), but the proportion-
ality factor depends on the width of windows and goes to zero at δF = δB → 0.
Working from (33), another possible redefinition is to use the differences Dn
F
− 〈nF 〉 and
Dn
B
− 〈nB〉 instead of DnF and DnB to normalize in (5). Hence, we introduce:
βrob ≡
〈nFnB〉 − 〈nF 〉〈nB〉√
Dn
F
− 〈nF 〉
√
Dn
B
− 〈nB〉
. (80)
As before, for sufficiently small windows in both in rapidity and azimuth, (31) and (33) can
be used to write:
βrob =
C2(ηF , ηB;φFB)√
C2(ηF , ηF ; 0)C2(ηB, ηB; 0)
. (81)
If these windows are in the mid-rapidity region, (81) reduces to
βrob =
C2(ηFB, φFB)
C2(0, 0)
. (82)
For windows with small rapidity acceptance, yet large azimuthal acceptance, δφF = δφB = 2pi,
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we have:
βrob =
C2(ηF , ηB)√
C2(ηF , ηF )C2(ηB, ηB)
, (83)
where C2(ηF , ηB) is defined by (29). Again, if these windows are in the mid-rapidity region,
(83) can be simplified to
βrob =
C2(ηFB)
C2(0)
(84)
We see that βrob has a finite limit at small window acceptances, similarly to the defined above
βmod.
Note that the definition of βrob, (80), is closely connected with “robust variance” [21], as
defined by:
Rn =
Dn − 〈n〉
〈n〉2 . (85)
Using (77) and (80), we can write:
βrob =
βmod√
Rn
F
Rn
B
. (86)
According to the model described in Sec. 4, when describing the FB correlations with small
observation windows, these alternative observables βmod and βrob, (77) and (80), become:
βmod =
ωN + Λ(ηF , ηB;φFB)
〈N〉 , (87)
βrob =
ωN + Λ(ηF , ηB;φFB)
ωN + Λ(ηF , ηF ; 0)
. (88)
Again, it is clear that these new observables have finite, non-zero limits at small accep-
tances δF , δB. Additionally, they are described by the single string pair correlation function,
Λ(ηF , ηB;φFB), the mean number of string, 〈N〉, and the scaled variance of this number,
ωN = DN/〈N〉, as defined in (41).
Note (87) states that βmod is inversely proportional 〈N〉, such that if the mean number of
sources is large, e.g. as in AA collisions, it may be preferable to use as a correlation measure
instead of βmod the product:
ρ
1
(0) βmod =
dNch
dη
∣∣∣∣∣
η=0
· C2(ηF , ηB;φFB) = µ0ωN + µ0Λ(ηF , ηB;φFB) . (89)
Note that we have used ρ1(0) = µ0 〈N〉, where the µ0 is the density in rapidity of charged
particles produced by one string, (53).
In comparing the different definitions of the multiplicity correlation coefficient, it is clear
that the traditional definitions (2), (4) and (5) of the FB correlation coefficient lead to a
strong dependence on the window acceptance size. This causes the correlation coefficient to
go to zero with the window acceptance. This also means that results obtained for windows of
different widths cannot be compared directly. Hence, it may be preferable to use the newly
proposed observables (77) and (80) in future FB correlation studies, as they remain nonzero
in the limit that the window acceptance goes to zero.
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8 Conclusions
We have extended the traditional FB multiplicity correlation analysis by allowing for accep-
tance windows separated both in rapidity and azimuth. We have shown that this can help
distinguish the two main contributions to the correlation strength. The first of these contri-
butions arises from the event-by-event fluctuation in the number of sources, while the second
originates to the single source pair correlation function.
In the mid-rapidity region, the first contribution does not depend on the separation be-
tween the windows in rapidity and azimuth, which leads to long range (LR) correlations
between window multiplicities. This LR contribution was demonstrated to be proportional
to the scaled event-by-event variance of the number of sources, ωN . The analysis of this
contribution could hence provide an important, quantitative, physical channel to measure the
magnitude of this fluctuation in a given process.
The second contribution is distinct, as it originates from the correlation between multi-
plicities produced by a single source. It can arise from different physical processes such as the
formation and decay of clusters, resonances or minijets during the string fragmentation. Its
value, (68), depends on the separation between the backward and forward windows in both
rapidity ηFB and azimuth φFB. This contribution is proportional to the single source pair
correlation function, Λ(ηFB, φFB). It decreases to zero at large separation between windows,
which means it only contributes to the short range (SR) correlations. This contribution’s
dependence on ηFB and φFB can be extracted from experimental measurements of the mul-
tiplicity correlation between sufficiently small FB windows in rapidity and azimuth, as in
Figs. 1 and 2, and Table 1. We also noted, as in (46), that the presence of this SR correlation
necessitates that strings are non-poissonian emitters.
By comparing the different definitions of the multiplicity correlation coefficient we noted
that the traditional definitions (2), (4) and (5) of the FB correlation coefficient led to a strong
dependence on the acceptance of the windows, with the correlation coefficient going to zero
with the acceptance. Hence, the results obtained for the windows of different width cannot
be compared directly. As a solution, we proposed suitable observables in (77) and (80) for
the future FB correlation studies, which have a nonzero limit as the acceptance goes to zero.
The strong non-linear dependence of the traditionally defined FB correlation coefficient on
the width of the windows and on the value of gap between them, is well described in the
framework of the model with strings as independent identical sources (see Figs. 3–5).
Using a model independent method, we have shown that the two-particle correlation
function, C2, can be determined by measuring the FB multiplicity correlation coefficient
between two small windows separated in rapidity and azimuth. This still holds when the
particle distribution in rapidity is not flat, e.g. in pA interactions, and C2(η1, η2; ∆φ) does
not only depend on the difference of rapidities, ∆η = η1 − η2, but both on η1 and η2.
It is worth noting that this approach does not need to use an event mixing procedure, as
applied in the di-hadron correlation analysis, in which one assumes from the very beginning the
dependence of two-particle correlation function only on the differences ∆η and ∆φ. Even in a
mid-rapidity region, where the application of the di-hadron correlation approach is justified,
the results obtained by this method depend on the details of track and/or event mixing used
in the approach for the imitation of the uncorrelated particle production, see Appendix C for
details. This leads to the uncertainty in determination of the common pedestal in C2 by the
di-hadron correlation analysis and hence, as it was demonstrated, to the loss of important
physical information on fluctuations in the number of sources.
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Figure 6: The phase space “triangular” weight function, arising at integration over non-
periodic FB windows, as in (91).
Acknowledgements
The author thanks M.A. Braun, G.A. Feofilov, and I. Altsybeev for useful discussions as well
as E. Gillies for helping to prepare the manuscript. The work was supported by the RFBR
grant 12-02-00356-a and the Saint-Petersburg State University grant 11.38.197.2014.
A Calculation of the Integrals Over Rapidity and Az-
imuth Windows
For symmetric rapidity windows, δηB = δηF = δη, whose centers are separated by ηFB =
ηF − ηB, one has:
∫
δη
F
dη1
∫
δη
B
dη2 f(|η1 − η2|) =
∫ δη
−δη
dη f(|ηFB + η|) tδη(η) , (90)
where tδy(y) is the “triangular” weight function, see Fig. 6:
tδy(y) = [θ(−y)(δy + y) + θ(y)(δy − y)] θ(δy − |y|) . (91)
Formula (90) is valid for any distance between the centers of windows, in particular for
coinciding windows, for which ηFB = 0. In this case, we have:
∫
δη
F
dη1
∫
δη
F
dη2 f(|η1 − η2|) =
∫ δη
−δη
dη f(|η|) tδη(η) = 2
∫ δη
0
dη f(|η|)(δη − η) . (92)
The same general formula can be used for the integration over azimuthal windows:
∫
δφ
F
dφ1
∫
δφ
B
dφ2 f(|φ1 − φ2|) =
∫ δφ
−δφ
dφ f(|φFB + φ|) tδφ(φ) . (93)
In this case the function f(|φ|) is periodic in φ such that f(|φ|) = f(|φ+ 2pik|). This implies
that windows of full azimuthal acceptance, i.e. the full 2pi range, allow for (93) to be simplified
to the following: ∫
2pi
−2pi
dφ f(|φFB + φ|) t2pi(φ) = 4pi
∫ pi
0
dφ f(|φ|) . (94)
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Recalling the general form of JFF and JFB in formulae (57) and (58), (90)–(92) imply that
these can be simplified for large symmetric windows in the central rapidity region to:
JFB = (δηδφ)
−2
∫ δη
−δη
dη
∫ δφ
−δφ
dφΛ(ηFB + y, φFB + φ) tδη(η) tδφ(φ) , (95)
JFF = 4(δηδφ)
−2
∫ δη
0
dη
∫ δφ
0
dφΛ(η, φ) (δη− y) (δφ− φ) , (96)
where δη and δφ are the widths of the observation windows, while ηFB and φFB are the
corresponding distances between their centers. Note that this result implies that Λ(η, φ)
satisfies the conditions in (76). A similar procedure can be applied to integrals IFB (39) and
IFF (40) in Sec. 3, yielding an analogous result.
To further simplify the numerical calculations, it is important to note that the dependen-
cies on η and φ in near-side and away-side contributions factorize. This arises in the pair
correlation function Λ(η, φ), given by the formulae (74), which is of the form:
Λ(η, φ) =
2∑
i=1
Λi Fi(η)fi(φ) , (97)
such that i = 1 corresponds to the near-side contribution, while i = 2 to the away-side
contribution:
F1(η) = e
−
|η|
η1 , F2(η) = e
−
|η−η0|
η2 + e
−
|η+η0|
η2 , (98)
f1(φ) = e
−
φ2
φ2
1 , f2(φ) = e
−
(|φ|−pi)2
φ2
2 . (99)
In this case the integrals (95), (96), and hence the resulting FB correlation coefficient bcorr ≡
brel = b, (70), can be expressed through the one dimensional integrals:
JFB(ηFB, φFB) =
2∑
i=1
ΛiHi(ηFB)hi(φFB) , JFF =
2∑
i=1
ΛiHi(0)hi(0) , (100)
where (95) implies:
Hi(ηFB) = (δη)
−2
∫ δη
−δη
dη Fi(η + ηFB) tδη(η) , (101)
hi(φFB) = (δφ)
−2
∫ δφ
−δφ
dφ fi(φ+ φFB) tδφ(φ) , (102)
and (96) implies:
Hi(0) = 2(δη)
−2
∫ δη
0
dη Fi(η) (δη − η) , (103)
hi(0) = 2(δφ)
−2
∫ δφ
0
dφ fi(φ) (δφ− φ) . (104)
Note that we must ensure parity and azimuthal periodicity of f1(φ) and f2(φ), as in (75)
and (76). Then for 2pi-azimuth windows, using these relations, along with (94), the formulae
(102) and (104) can be further simplified to:
hi(φFB) = hi(0) =
1
pi
∫ pi
0
dφ fi(φ) . (105)
Substituting (100) into (70), we obtain an expression for the FB correlation coefficient in
terms of the factorized string pair correlation function, Λ(η, φ) in (97). This yields:
bcorr =
[ωN +
∑
2
i=1 ΛiHi(ηFB)hi(φFB)]µ0δF
1 + [ωN +
∑
2
i=1 ΛiHi(0)hi(0)]µ0δF
. (106)
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B Connection of the Correlator and Variance with the
Ones of a Single Source
In the two stage model in [9, 10, 18], the assumption that each string contributes to the par-
ticle production in both FB windows allows the observable correlator and variance, 〈nFnB〉−
〈nF 〉〈nB〉 and DnF , to be expressed through the correlator and variance of one source,〈µFµB〉 − 〈µF 〉〈µB〉 and DµF . This is given by:
〈nFnB〉 − 〈nF 〉〈nB〉 = 〈N〉(〈µFµB〉 − 〈µF 〉〈µB〉) +DN〈µF 〉〈µB〉 , (107)
Dn
F
= 〈N〉Dµ
F
+DN 〈µF 〉2 , (108)
where DN = 〈N2〉 − 〈N〉2 and 〈N〉 are the event-by-event variance and the mean number of
sources, respectively. See [19] for a derivation.
For sufficiently small FB windows in both rapidity and azimuth we have seen in (17) that
C2(ηF , ηB;φFB) =
〈nFnB〉 − 〈nF 〉〈nB〉
〈nF 〉〈nB〉
. (109)
This relation can also be obtained using rearranging (20) and substituting in (31). Analo-
gously, (45) and (55) imply for the single string pair correlation function Λ(ηB, ηF ;φFB):
Λ(ηB, ηF ;φFB) =
〈µFµB〉 − 〈µF 〉〈µB〉
〈µF 〉〈µB〉
. (110)
Then combining the formulae (107)–(110) and taking into account that
〈nF 〉 = 〈N〉〈µF 〉 , 〈nB〉 = 〈N〉〈µB〉 , (111)
we again recover the formula (64) of the text:
C2(ηF , ηB;φ) = (ωN + Λ(ηF , ηB;φ))/〈N〉 .
Note that for LR correlations, the FB observation windows are separated by a large
rapidity gap, which allows one to neglect the correlations produced from the same source.
For this case, (107) implies:
〈nFnB〉 − 〈nF 〉〈nB〉 = DN〈µF 〉〈µB〉 . (112)
Hence (108) and (112) lead to the following expression for the LR correlation coefficient, as
defined in (4):
bLRrel =
a
1 + a
, a =
ωN
ωµ
F
〈µF 〉 , (113)
where ωN and ωµ
F
are the corresponding normalized variances:
ωN =
DN
〈N〉 , ωµF =
Dµ
F
〈µF 〉
. (114)
The expression given in (113) coincides with the expression for the LR correlation coefficient
obtained in [19].
Substituting the expression (46) for Dµ
F
into (113), one obtains:
bLRrel =
〈µF 〉ωN
1 + 〈µF 〉[ωN + JFF ]
, (115)
which coincides with the LR contribution to the FB correlation coefficient in (70). Recall that
for sufficiently small FB windows in rapidity and azimuth, (52) implies JFF = Λ(ηF , ηF ; 0).
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C Connection with the Untriggered Di-Hadron Corre-
lation Approach
In di-hadron correlation analysis, the following alternative definition of the two-particle cor-
relation function C is used [22, 23]:
C =
S
B
− 1 , (116)
where
S =
d2N
d∆η d∆φ
. (117)
Here ∆η = η1 − η2 and ∆φ = φ1 − φ2 are the distances between two particles in rapidity and
in azimuth. One then takes into account all possible pair combinations of particles produced
in a given event over a large rapidity interval ∆η ∈ (Y1, Y2). B is the same as S, but obtained
using the event mixing procedure to imitate uncorrelated particle production.
In contrast with (19), this definition implies from the very beginning that the translation
invariance in rapidity holds and hence that the result depends only on ∆η = η1 − η2 for any
η1, η2 ∈ (Y1, Y2). Specifically, all the pairs with the same difference η1 − η2 contribute to the
same bin of the multiplicity distribution, irrespective of their average, (η1 + η2)/2. See also
the discussion in [16] for more details.
This assumption is reasonable only in the central rapidity region at high energies. Namely,
it implies that in the interval (Y1, Y2):
ρ1(η) = ρ0 , ρ2(η1, η2;φ) = ρ2(η1 − η2, φ) , (118)
as in formula (35). In this case we have for the numerator in (116):
S(∆η,∆φ) =
∫ Y2
Y1
dη1dη2 ρ2(η1 − η2,∆φ) δ(η1 − η2 −∆η) (119)
or for the commonly used symmetric interval (−Y/2, Y/2):
S(∆η,∆φ) = ρ
2
(∆η,∆φ) tY(∆η) , (120)
where the tY (∆η) is the “triangular” weight function (91), defined in Appendix A and shown
in Fig. 6.
For mixed events, ρ2(η1, η2; ∆φ) in the denominator of (116) should be replaced the by the
product ρ
1
(η1)ρ1(η2). Due to the translation invariance in rapidity, this product simplifies to
ρ2
0
. Hence:
B(∆η,∆φ) = ρ20 tY(∆η) . (121)
Substituting into (116) we get
C(∆η,∆φ) =
ρ
2
(∆η,∆φ)
ρ20
− 1 = C2(∆η,∆φ) , (122)
where we have taken into account (19) and (35). We see that if translational invariance
in rapidity holds within the interval (Y1, Y2), then the definition (116) is equivalent to the
standard one (19).
The drawback of this approach is that it assumes translational invariance in rapidity
from the beginning. This means it cannot be used to experimentally determine the two-
particle correlation function C2 for asymmetrical processes, such as pA-interactions, nor at
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large rapidity distances, where translational invariance is not valid. Moreover, (34), (78) and
(81) show that approaches based on the analysis of the standard (2) or modified (77), (80)
FB correlation coefficients between two sufficiently small windows separated in rapidity and
azimuth are more robust. They allow for the correlation function C2(η1, η2;φ1 − φ2) to be
measured without using of an event mixing procedure and without restricting to translation
invariant case only.
Furthermore, using of an event mixing procedure can lead to an uncertainty in the experi-
mental determination of the constant term in the two-particle correlation function C(∆η,∆φ),
even in central region where the definitions of the correlation functions C(∆η,∆φ) (116) and
C2(∆η,∆φ) (19) are equivalent to each other (122). The analysis explored in this paper does
not suffer from this source of error. Recalling that this constant term in two-particle corre-
lation function C2 corresponds to the contribution from the LR correlations, as discussed in
Sec. 4.2, so it is clearly important to minimize its uncertainty.
One can illustrate the origin of the uncertainty in the constant term of C(∆η,∆φ) using
the model with strings as independent identical emitters, described in the Sec. 4. Using (120)
and (62), the numerator and the denominator in (116) become:
S(∆η,∆φ) = 〈ρN
2
(∆η,∆φ)〉 tY (∆η) = [〈N〉Λ(∆η,∆φ) + 〈N2〉]µ20 tY (∆η) , (123)
B(∆η,∆φ) =
∫ Y/2
−Y/2
dη1 dη2 〈ρN1 (η1)〉〈ρN1 (η2)〉 δ(η1 − η2 −∆η) = 〈N〉2µ20 tY (∆η). (124)
Then by (116) we again recover that C(∆η,∆φ) is equal to C2(∆η,∆φ), which is given by
the equation (64).
But if one applies for the imitation of uncorrelated particle production an another event
mixing procedure, admitting, for example, the mixing only between events with the same
multiplicity (which corresponds approximately to the same N), then instead of (124) we will
have
B(∆η,∆φ) =
∫ Y/2
−Y/2
dη1 dη2 〈ρN1 (η1)ρN1 (η2)〉 δ(η1 − η2 −∆η) = 〈N2〉µ20 tY (∆η) , (125)
which by (116) and (123) leads to
C(∆η,∆φ) =
〈N〉
〈N2〉Λ(∆η,∆φ) (126)
which does not correspond to the expression (64), based on the standard definition (29) of
the two-particle correlation function C2.
Comparing (126) and (64), we see that the resulting C(∆η,∆φ) in (126) does not have
the additional constant term ωN/〈N〉, the common pedestal in C2, reflecting the contribution
of the event-by-event fluctuation of the number of sources. Instead, (126) is proportional to
the pair correlation function of a single string Λ(∆η,∆φ) and, hence it is equal to zero in the
absence of the pair correlation from one string.
So the two-particle correlation function C(∆η,∆φ), obtained using the di-hadron correla-
tion approach (116) depends on the details of the event mixing procedure via B. This mixing
procedure is implemented to imitate uncorrelated particle production. Due to the uncertain-
ties in the normalization factor B, one cannot accurately measure a value of the constant
term, i.e. the long-range component, of C2.
The same effect also takes place if one uses some arbitrary, unjustified normalization
procedures for the experimental determination of S and/or B in formula (116), e.g. the
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normalization of S by the number of pairs produced in the given event, or the normalization
of B(∆η,∆φ) by B(0, 0). As follows from the formulae (14)–(17), determining experimentally
C2 one should not introduce such additional normalization factors and has to take into account
the contributions from different events at given ∆η, ∆φ with the same weight.
Note that this long-range component of C2 can be measured unambiguously in our ap-
proach (17), based on the studies of the FB correlations between multiplicities in windows
separated in azimuth and rapidity, which does not use any event mixture procedure, and
hence avoids the associated uncertainties.
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